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SUMMARY 


The  effects  of  wind  fixed  boundary  layer  transition  on  reentry 
vehicle  aerodynamics  plays  an  important  rule  in  determining  high 
altitude  trajectory  dispersions.  An  investigation  was  undertaken 
to  determine  the  effects  of  nose  bluntness  on  boundary  layer 
transition  asymnetry  and  transitional  aerodynamic  perturbations  at 
angle  of  attack.  The  results  of  previous  experimental  investigations 
of  asynsTietric  transition  are  reviewed.  An  experimental  program  using 
the  Calspan  S6-inch  shock  tunnel  to  investigate  bluntness  effects  on 
transition  asymmetry  and  related  aerodynamic  perturbations  is  discussed. 
Data  from  the  test  program  will  be  published  in  a future  report. 
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1.0  INTRODUCTION 


Reentry  vehicle  (RV ) design  problems  encountered  10  to  15  years 
ago  were  largely  related  to  ensuring  the  survivability  of  a relatively 
large,  high  yield  weapon  to  impact.  Missile  guidance  and  control 
errors  were  the  dominant  contributors  to  the  impact  accuracy  performance. 
Reentry  error  contributions  did  not  place  any  particularly  difficult 
constraints  on  the  RV  design. 

The  evaluation  of  performance  requirements  derived  for  future 
strategic  weapon  systems  has  placed  significant  emphasis  on  height 
of  burst  and  impact  accuracy.  The  improvements  in  several  impact 
error  sources  (for  example,  guidance  and  control,  geodesy,  and  winds 
and  density)  have  resulted  in  a situation  where  the  overall  weapon  system 
accuracy  is  now  strongly  influenced  by  impact  errors  produced  during 
reentry.  The  prediction  of  reentry  errors  will,  therefore,  play  a 
significant  role  in  the  design  selection  of  an  RV  configuration  and  in 
the  targeting  of  an  operational  vehicle.  SAMSO/ABRES  has  initiated 
several  programs  intended  to  provide  the  basic  technology  required  to 
develop  engineering  methods  that  analytically  model  accuracy  related 
reentry  performance  in  terms  of  relevant  RV  design  parameters. 

One  aspect  of  the  reentry  accuracy  problem  is  concerned  with  high 
altitude  dispersions  associated  with  boundary  layer  transition  (BLT) 
from  laminar  to  turbulent  flow  over  the  vehicle  surface.  An  experimental 
and  analytical  program  was  undertaken  by  TRW,  in  conjunction  with  Cal  span 
Corporation,  to  investigate  nose  bluntness  effects  o"  boundary  layer 
transition  asyimietry  and  transitional  aerodynamic  perturbations  at  angle 
of  attack.  This  report  describes  the  work  done  by  TRW  for  the  period 
from  1 May  1976  to  30  September  1976. 

The  remainder  of  this  Section  consists  of  background  information  which 
provided  the  motivation  for  defining  the  program  requirements  and  objectives 
Presented  in  Section  2.0  is  a review  of  results  from  selected  related 
experimental  programs.  The  data  discussed  in  Section  2.0  serves  to 
illustrate  the  understanding  of  nose  bluntness  and  angle  of  attack  effects 
on  boundary  layer  transition  asynsnetry  prior  to  the  start  of  our  TRW/Calspan 
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investigation.  Details  and  status  of  the  TRW/Calspan  experimental 
program  are  presented  in  Section  3.G. 

1.1  BACKGROUND 

The  design  evolution  of  operational  reentry  vehicles  has  led 
to  relatively  bmall,  high  ballistic  coefficient,  slender  sphere-cone 
configurations.  An  impact  error  contribution  of  increasing  practical 
interest  for  these  vehicles  has  been  trajectory  deflections  produced 
as  the  RV  experiences  boundary  layer  transition.  The  observation  that 
boundary  layer  transition  influences  RV  motion  is  not  new  as  a review 
of  flight  test  data  will  show  that  nearly  all  reentry  vehicles  exhibit 
some  angle  of  attack  divergence  during  transition  (see,  for  example. 
Reference  1-3).  The  resulting  angle  of  attack  creates  a lift  force 
that  is  capable  of  producing  a trajectory  deflection  whose  magnitude 
depends  on  the  character  of  the  vehicle  dynamic  motion. 

During  the  1960's  considerable  effort  was  expended  in  analytical 
and  ground  test  investigations  to  determine  how  boundary  layer  transition 
affects  RV  aerodynamic  stability  and  produces  the  observed  angle  of  attack 
divergence.  The  primary  motivation  for  these  efforts  was  established  by 
attempts  to  design  an  endo-atmospheric  decoy  to  match  full  size  RV  radar 
cross  section  behavior.  Little,  if  any,  substantial  effort  was  directed 
towards  relating  BLT  effects  to  impact  accuracy  degradation.  Details  of 
these  investigations  can  be  found  in  References  2 and  3 which  are  Trans- 
actions of  Dynamic  Stability  Workshops  held  at  AEDC  in  1965  and  at  NASA/ 

Ames  in  1968.  The  early  concern  was  the  effect  of  so-called  symmetric 
transition,  i.e.  the  effect  of  increased  frustum  heating  rates  on  an 
ablating  body  when  transition  moves  forward  of  the  base.  Later  it  was  shown 
that  the  effect  of  asymmetric  transition,  i.e.  the  skewing  of  the  transition 
front  due  to  angle  of  attack,  on  vehicle  stability  was  possibly  an  even 
stronger  effect. 

Within  the  last  few  years  new  approaches  to  the  analysis  of  RV  on-board 
motion  sensor  data  have  been  developed  to  determine  the  high  altitude 
trajectory  dispersion  due  to  boundary  layer  transition.  The  lateral  accelera 
tion  data  are  time  integrated  to  characterize  the  trajectory  dispersion  in 
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terms  of  a net  lateral  velocity  perturbation,  a so-called  net  lateral 
A V.  See,  for  example,  References  4 and  5.  Using  these  methods  the 
aV  due  tc  BLT  has  been  determined  for  a number  of  ABRES  vehicles  and 
MMIII  operational  vehicles. 

The  various  reentry  vehicles  analyzed  encompass  a wide  range  of 
variables  that  may  influence  transition  behavior,  e.g.  nose  bluntness 
heat  shield  material,  cone  angle,  and  reentry  conditions  (Vg  - ye) • 

The  variability  of  parameters  from  flight  makes  it  very  difficult  to 
correlate  the  observed  motion  behavior  with  specific  variables  and  thus 
draw  satisfactorily  u.iambigious  conclusions  concerning  specific  cause- 
effect  relationships.  Recognizing  the  potential  pitfalls,  however, 
an  examination  of  the  trajectory  deflections  derived  from  the  flight 
motion  data  suggests  a possible  indication  that  aV  is  decreased  as  the 
nose  bluntness  ratio  (rn/Rb)  is  increased  (Reference  5).  Since  nose 
bluntness  is  an  obviously  fundamental  RV  design  variable,  this  observation 
naturally  suggests  that  nose  bluntness  should  be  included  as  a primary 
parameter  in  an  investigation  of  BLT  effects  on  RV  aerodynamics  and  accuracy. 

The  choice  of  nose  bluntness  as  a parameter  of  primary  interest  is 
further  justified  by  the  results  of  numerous  investigations  which  have 
shown  nose  bluntness  strongly  affects  transition  onset.  A blunt  nose 
influences  the  transition  process  in  a fundamental  manner  through  the 
fluid  mechanics.  The  resulting  curved  bow  shock  wave  produces  a variable 
entropy  flow  along  the  body  with  local  flow  conditions  that  vary  with 
distance  along  the  body,  e.g.  varying  local  Reynolds  number  and  local  Mach 
number.  The  effects  of  nose  bluntness  on  local  flow  properties  (the  so- 
called  entropy  swallowing  process}  brs  been  analyzed,  for  example,  by  Rotta 
(Reference  6).  The  significance  of  nose  bluntness  to  boundary  layer 
transition  behavior  is  demonstrated,  for  example,  by  floats  (Reference  7). 

In  light  of  this  background  it  is  reasonable  to  argue  that  nose  bluntness 
is  probably  an  important  parameter  concerning  boundary  layer  transition 
asymmetry  at  angle  of  attack.  An  analytical  approach  to  correlating 
angle  of  attack  and  nose  bluntness  effects  on  transition  asymmetry  was 
developed  by  Ericsson  (Reference  8). 
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Finally,  the  recent  efforts  to  develop  analytical  models  to  predict 
aerodynamic  effects  of  BLT  have  revealed  several  key  aspects  of  the 
problem  which  lack  adequate  experimental  data  to  guide  the  engineering 
analyses.  The  wind  fixed  phenomena  that  produce  high  altitude  disper- 
sion are  the  principal  subjects  of  the  TRW/Calspan  investigation  and  the 
meaningful  modeling  of  these  effects  requires  knowledge  of  transition 
front  asymmetry.  As  will  be  discussed  in  Section  2.0,  there  have  been 
only  2 previous  experimental  programs  that  measured  in  extensive  detail 
the  axial  and  circumferential  asymmetry  of  boundary  layer  transition  at 
angle  of  attack.  Furthermore,  these  experiments  used  only  sharp  cone 
models  so  that  we  have  previously  had  no  data  to  define  the  detailed 
effects  of  nose  bluntness  on  transition  asymmetry.  An  obvious  aspect  of 
the  TRW/Calspan  program  was  thus  motivated  by  the  desire  to  expand  the 
experimental  data  base  by  measuring  transition  asyir?:etry  on  blunt  cones. 

The  transitional  aerodynamics  analytical  models  incorporate  the 
effects  of  wall  shear  increase  through  the  transition  region  and  the 
viscous-inviscid  weak  interaction  pressure  increases  in  order  to  compute 
aerodynamic  force  and  moment  perturbations.  Since  the  boundary  layer 
transition  processes  are  so  poorly  understood,  another  motivation  for 
the  current  investigation  was  the  desire  to  provide  additional  data  des- 
cribing the  physical  mechanisms  of  transition  that  may  influence  the 
aerodynamics.  Examples  of  these  concerns  are  the  extent  of  the  transition 
region,  the  variation  of  shear  and  pressure  through  the  transition  region, 
the  characteristic  features  the  boundary  layer  exhibits  as  it  goes  from 
laminar  to  fully  turbulent  flow,  etc. 
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2.0  REVIEW  OF  RELATED  EXPERIMENTS 


As  disusssed  above,  the  transition  front  asynmetry  at  angle 
of  attack  plays  a key  role  in  the  engineering  analysis  of  wind  fixed 
BLT  contributions  to  high  altitude  trajectory  dispersion.  The  purpose 
of  this  Section  is  to  present  the  principal  results  of  related  experi- 
mental investigations  of  transition  asymmetry.  These  results  illustrate 
the  general  level  of  understanding  which  existed  at  the  beginning  of 
the  TRW/Calspan  program  concerning  nose  bluntness  and  angle  of  attack 
effects  on  transition  asynmetry.  Also,  these  data  were  used  to  guide 
the  definition  of  our  test  objectives,  model  design,  instrumentation 
requirements,  and  test  condition  matrix. 

2.1  SHARP  CONE  SPATIAL  TRANSITION  MAPPING 

In  order  to  compute  BLT  effects  on  aerodynamic  forces  and  moments 
it  is  necessary  to  have  an  adequate  spatial  specification  of  transition 
front  asynmetry.  The  axial  location  of  transition  onset  (and  the  location 
of  fully  turbulent  flow)  must  be  given  as  a function  circumferential 
location  around  the  body.  A review  of  the  literature  has  revealed  only 
two  experimental  investigations  that  have  measured  transition  asymmetry 
in  adequate  three  dimensional  detail  (References  9 and  10).  It  is  also 
important  to  point  out  that  these  two  test  programs  used  only  essentially 
sharp  cone  models  (bluntness  ratio  of  0 to  .02).  No  references  were 
found  to  any  experiments  that  made  similarly  detailed  spatial  transition 
measurements  on  blunt  sphere-cones. 

• MOCKAPETRIS  AND  CHADWICK  (REFERENCE  9) 

An  extensive  investigation  of  transition  asymmetry  was  performed  by 
AVCO  under  Task  4.0  - Reentry  Vehicle  Stability  - of  the  ABRES  REST  Program 
and  the  results  are  reported  in  Reference  9.  Wind  tunnel  tests  were 
conducted  in  AEDC  Tunnel  C at  Mach  10  to  obtain  spatial  distribution  of  the 
boundary  layer  transition  zone  on  a shape  8-degree  cone  with  ablating  and 
non-ablating  walls.  To  simulate  ah  ablating  surface  the  test  model  was 
provided  with  a paradichlorobenzene  shell.  The  transition  location  was 
observed  using  a shadowgraph  system  with  a 2 microsecond  spark  duration  to 
provide  an  instantaneous  picture  of  the  state  of  the  boundary  layer.  As  a 
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second  method  for  locating  transition,  as  well  as  a means  of  providing 
data  for  correlation  with  the  optical  results,  heat  transfer  data  using 
calorimeter  gages  were  obtained.  Thirty  calorimeters  were  used  located 
along  two  meridians  180  degrees  apart.  In  order  to  measure  the  circum- 
ferential transition  asymmetry  with  the  two  meridian  instrumentation  a 
model  rotation  scheme  was  used.  The  boundary  layer  transition  location 
was  observed  for  0,  36,  72  and  90  degree  model  rotations. 

A composite  picture  of  the  BLT  distribution  on  the  non-ablating 
model  for  several  angles  of  attack  is  shown  in  Figure  1.  Shown  in  Figure 
2 are  the  detailed  transition  asymmetry  results  presented  in  the  form  of 
transition  location  on  the  cone  surface  versus  circumferential  or  meridian 
angle  for  angles  of  attack  of  1,  2,  and  3 degrees.  Transition  location  at 
angle  of  attack  is  normalized  by  the  location  of  transition  at  zero  angle 
of  attack,  i.e.  Xj/X-j.  • It  was  found  that  the  ablating  model  mass  addition 
to  the  boundary  layer0-®  caused  transition  to  occur  earlier  than  the  non- 
ablating case  but  it  did  not  change  the  general  pattern  of  the  transition 
asymmetry.  At  non-zero  angle  of  attack  the  transition  location  on  the 
windward  surface  was  observed  to  move  aft  slightly  with  increasing  angle 
of  attack  (see  Figure  2).  On  the  leeward  surface,  however,  the  transition  ' 
location  was  observed  to  move  rapidly  forward  with  increasing  angle  of  attack 
The  results  of  these  tests  thus  show  that  angle  of  attack  produced  a strong 
transition  front  asymmetry  on  a sharp  8-degree  cone.  Apparently  the  leeward 
side  forward  transition  movement  is  strongly  influenced  by  the  destabilizing 
influence  of  boundary  layer  cross-flow  effects  (Reference  8). 

* MARTELLUCCI  (REFERENCE  10) 

Another  extensive  program  to  experimentally  determine  the  effects 
of  asymmetric  transition  un  RV  aerodynamic  stability  was  carried  out  by 
GE  and  the  results  are  reported  in  Reference  10.  The  test  program  to 
map  transition  and  to  measure  the  effects  of  asymmetric  transition,  with 
and  without  mass  addition,  was  carried  out  in  AEDC  Tunnel  B at  Mach  8.  To 
simulate  ablating  surface  mass  addition  effects,  a special  porous  shell 
force  model  was  fabricated  to  allow  air  to  be  forced  into  the  boundary  layer. 
The  spatial  distribution  of  blowing  over  the  model  surface  w=s  controlled  by 
using  impervious  sleeves  over  the  model  to  block  the  mass  addition  in  certain 


regions.  The  shapes  of  the  sleeves  were  made  to  simulate  the  asymmetric 
transition  patterns  measured  on  a separate  non-blowing  heat  transfer 
model.  The  heat  transfer  model  used  for  transition  mapping  was  a 7.2 
degree  stainless  steel  cone.  Transition  location  was  determined  from 
heat  transfer  measurements  using  100  thermocouples  installed  along  five 
conical  rays  at  meridian  angles  of  0,  45,  90,  135,  and  180  degrees. 

The  model  had  a sharp  nose  and  two  spherical  noses  of  small  bluntness 
(rn/Rb  of  .01  and  .02). 


A composite  picture  of  the  BLT  distribution  for  the  sharp  nose 
model  at  several  angles  of  attack  is  shown  in  Figure  3.  Shown  in  Figure 
4 are  the  sharp  cone  detailed  transition  asyrrmetry  results  plotted  in  the 
form  of  transition  location  on  the  cone  surface  versus  meridian  angle  for 
angles  of  attack  of  1,  2,  and  4 degrees.  Transition  location  was  defined 
to  be  the  end  of  the  transition  region.  The  data  presented  in  Figures 
3 and  4 show  the  transition  location  on  the  windward  surface  moved  slightly 
aft  with  increasing  angle  of  attack  whereas  the  leeward  surface  transition 
location  moved  rapidly  forward  as  angle  of  attack  was  increased.  Comparing 
these  results  with  the  data  of  Mockapetris  and  Chadwick  (Figures  1 and  2) 


shows  the  transition  asymmetry  characteristics  for  sharp  ccr.cs,  as  measured 
by  the  two  different  techniques,  to  be  in  good  general  agreement. 


Similar  transition  mapping  measurements  were  done  for  the  two  spherical 
noses  of  bluntnesses  of  .01  and  .02.  Tests  could  be  made  only  for  these 
very  small  nose  bluntnesses,  as  opposed  to  the  larger  bluntnesses  of  actual 
reentry  vehicles,  because  of  the  limited  ability  to  achieve  natural  transition 
on  blunt  bodies  at  the  Tunnel  B flow  conditions.  A composite  picture  of 
the  measured  transition  distributions  on  the  .02  bluntness  model  is  shown 
in  Figure  5 for  several  angles  of  attack.  Comparison  of  these  transition 
patterns  with  those  of  the  sharp  cone  shown  in  Figure  3 shows  that  even 
the  small  increase  in  nose  bluntness  from  0 to  .02  had  a significant  influence 
on  the  transition  asymmetry  pattern.  This  result  is  not  suprising  since 
investigations  of  nose  bluntness  and  entropy  swallowing  effects  on  transition 
have  shown  that  only  very  small  departures  in  nose  bluntness  away  from  the 
perfectly  sharp  nose  has  a strong  influence  on  transition  onset  (see,  for 
example.  Reference  6,  7,  8,  11  and  12).  Thus,  the  need  is  clearly  established 
to  include  realistic  bluntness  ratios  in  investigations  of  transition  asymmetry. 
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The  results  of  the  force  tests  performed  in  the  GE  program 
showed  the  effect  of  mass  addition  was  to  strongly  increase  the 
magnitude  of  the  force  and  moment  perturbations  as  compared  with  the  no 
blowing  situation. 

2.2  WINDWARD  - LEEWARD  TRANSITION  MEASUREMENTS 

As  mentioned  previously  a search  of  the  literature  revealed  only  the 
two  investigations  discussed  in  Section  2.1  that  made  detailed  spatial 
mappings  cf  the  transition  asymmetry.  However,  there  have  been  a number 
of  previous  investigations  that  determined  the  effects  of  nose  bluntness 
and  angle  of  attack  by  measuring  transition  location  on  only  the  windward 
and  leeward  meridians.  While  this  limited  information  on  transition 
asymmetry  is  not  adequate  to  fully  define  the  transition  pattern  for 
use  in  computational  models,  the  relative  movement  of  transition  on  the 
windward  and  leeward  meridians  does  give  a crude  measure  of  the  "skewness" 
of  the  transition  asymmetry  pattern. 

Sharp  cone  models  were  used  in  numerous  previous  investigations  of 
angle  of  attack  effects  on  transition  movement.  Shown  in  Figure  6 are 
data  from  selected  tests  which  shows  transition  movement  on  the  windward 
and  leeward  meridians  as  a function  of  angle  of  attack.  The  location  of 
transition  at  angle  of  attack  (Xy)  is  normalized  by  the  transition  location 
at  zero  angle  of  attack  (xja_Q)  in  order  to  clearly  demonstrate  the  effect 
of  angle  of  attack  on  transition  movement.  Data  from  the  AVCO  tests  (Reference 
9)  and  the  GE  tests  (Reference  10)  discussed  in  Section  2.1  are  shown.  Also 
shown  are  data  from  References  13-15.  The  familiar  trend  for  sharp  cones 
is  demonstrated  where  transition  moves  slightly  aft  on  the  windward  meridian 
and  rapidly  forward  on  the  leeward  meridian  as  angle  of  attack  is  increased. 
Excellent  agreement  is  shown  for  these  data  which  were  taken  in  different 
facilities  using  different  model  fabrication  and  instrumentation  techniques. 

One  of  the  earliest  and  most  interesting  investigations  of  nose  blunt- 
ness effects  on  transition  movement  was  done  by  Stetson  and  Rushton  (Reference 
14).  These  experiments  were  carried  out  in  an  AVCO  shock  tunnel  at  Mach 
5.5.  The  model  utilized  was  a 6 inch  base  diameter  8 degree  cone  with 
pyrex  inserts  containing  thin  platinum  resistance  thermometer-type  heat 
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transfer  gages.  Transition  location  was  determined  from  the  heat 

transfer  rates  on  the  model  surface.  Transition  movement  with  angle  of 

attack  was  measured  on  models  with  a sharp  nose  and  with  spherical  noses 

of  r /R.  = .042  and  .083. 
n b 

Shown  in  Figure  7 are  data  which  demonstrates  the  effect  of  nose 
bluntness  and  angle  of  attack  on  transition  movement  along  the  windward 
and  leeward  meridians.  Again  the  transition  location  at  angle  of  attack 
is  normalized  by  the  transition  location  at  zero  angle  of  attack  for  the 
particular  nose.  The  absolute  location  of  transition  was,  of  course,  at 
different  distances  for  each  of  the  noses  employed.  However,  for  each 
bluntness,  the  transition  location  at  angle  of  attack  was  normalized  by 
the  location  at  zero  angle  of  attack  for  that  particular  nose  in  order  to 
unambiguously  demonstrate  the  transition  movement.  Examination  of  Figure 
7 shows  that  nose  bluntness  had  a strong  effect  on  transition  movement  with 
angle  of  attack.  On  the  leeward  meridian,  the  blunt  cone  transition  location 
moved  rapidly  forward  in  a manner  qualitatively  similar  to  that  for  the 
sharp  cone.  However,  as  bluntness  was  increased,  the  transition  location 
was  found  to  move  rapidly  forward  on  the  windward  meridian  also.  This 
behavior  is  in  marked  contrast  to  the  sharp  cone  where  the  windward  transition 

I 

location  moves  slightly  aft  with  increasing  angle  of  attack.  1 

The  relative  movement  of  transition  on  the  windward  and  leeward  meridians 
provides  a crude  measure  of  the  skewness  of  the  transition  front.  The 
data  of  Stetson  and  Rushton  indicate  that  increasing  nose  bluntness  tends 
to  decrease  the  skewness  of  the  transition  front.  Shown  in  Figure  8 are 
the  data  from  Reference  14  replotted  in  the  form  of  Xy^/X-^  versus  angle 
of  attack  and  nose  bluntness  to  show  a measure  of  transition  skewness. 

The  sharp  cone  produces  the  most  skewness  because  transition  moves  aft  on 
the  windward  meridian  and  forward  on  the  leeward.  The  blunt  cones  have  less 
skewness  because  transition  moved  forward  on  both  meridians,  although  by 
different  amounts.  These  results  suggest  that  wind-fixed  transition  disper- 
sions may  be  reduced  by  use  of  blunt  .noses  because  the  effect  of  increasing 
bluntness  tends  to  decrease  the  amount  of  transition  front  skewness  (asymmetry). 
Caution  must  be  invoked,  however,  because  significant  circumferential 
asymmetries  could  be  present  that  were  not  detected  by  measuring  only 
windward-leeward  transition  locations. 
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An  investigation  was  carried  out  by  Muir  and  Trujillo  (Reference 
15)  to  repeat  and  extend  the  measurements  of  Stetson  and  Rushton.  The 
tests  were  conducted  in  NOL  Tunnel  Number  Eight  at  Mach  6.  The  models 
used  were  stainless  steel  8 degree  cones  with  interchangeable  noses. 

Heat  transfer  measurements  were  made  with  24  to  29  thermocouples  located 
along  the  windward  and  leeward  meridians.  Transition  movement  with 
angle  of  attack  was  measured  on  models  having  nose  bluntnesses  r^/R^  = .01, 

.08,  and  .32. 

Shown  in  Figure  9 are  the  resulting  data  from  Reference  15  demon- 
strating transition  movement  on  the  windward  and  leeward  meridians  as  a 
function  of  angle  of  attack  and  nose  bluntness.  Data  for  the  essentially 
sharp  model  (rn/Rfc(=  .01)  shows  the  familiar  transition  movement  charac- 
teristic of  sharp  cones.  Data  for  the  .08  bluntness  cone  showed  as  angle 
of  attack  increased  transition  moved  rapidly  forward  on  the  leeward  meridian 
and  only  slightly  aft  on  the  windward  much  in  the  manner  observed  for  the 
sharp  cone.  This  result  is  in  marked  contrast  to  the  Stetson-Rushton  data 
(Figure  7)  for  .08  bluntness  which  found  transition  moved  rapidly  forward 
on  the  windward  as  well  as  the  leeward  meridian.  Finally,  the  data  shown 
in  Figure  9 for  the  .32  bluntness  cone  did  indicate  that  transition  moved 
forward  on  the  windward  meridian  as  angle  of  attack  increased.  However, 
for  this  large  bluntness  they  observed  the  strange  result  that  transition 
moved  rapidly  aft  on  the  leeward  meridian  contrary  to  all  of  the  observations 
previously  discussed.  Mentioned  in  Reference  15  are  some  potential  difficulties 
in  interpreting  the  transition  data  for  the  .32  bluntness  cone  because 
of  apparent  transient  transition  behavior  related  to  wall  cooling  ratio 
changing  during  the  rather  long  test  times. 

2.3  CONCLUSIONS 

After  reviewing  the  problem  background  and  the  results  of  related 
experiments  in  the  previous  Sections  it  remains  to  sunmarize  what  was 
concluded  from  this  exercise.  The  following  primary  observations  are 
listed  below: 

* The  development  of  analytical  transitional  aerodynamics  models 
requires  detailed  specification  of  the  spatial  distribution  of 
transition  over  the  vehicle  surface. 
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• Nose  bluntness  (and  the  related  variable  entropy  flow)  has 
been  demonstrated  to  exert  a strong  influence  on  boundary 
layer  transition. 

• Only  two  previous  experiments  made  detailed  spatial  transition 
mapping  measurements  at  angle  of  attack  and  these  tests  used 
only  sharp  cones  or  cones  of  very  small  bluntness. 

• No  references  were  found  that  described  detailed  transition 
asymnetry  measurements  for  blunt  cones  of  moderate  to  large 
bluntness  ratios  characteristic  of  actual  reentry  vehicles. 

• Experiments  which  measured  transition  movement  on  only  the 
windward  and  leeward  meridians  did  consider  a wide  range  of 
bluntness  ratio  and  these  data  provide  a crude  measure  of  the 
skewness  of  the  transition  front. 

• The  tests  of  Stetson  and  Rushton  indicated  that  increasing 
the  amount  of  nose  bluntness  decreased  the  skewness  of  the 
transition  front. 

• The  results  of  Muir  and  Trujillo  obtained  data  which  in  some 
cases  was  contrary  to  the  Stetson-Rushton  data. 
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3.0  TRW/CALSPAN  EXPERIMENTAL  PROGRAM 

An  experimental  program  was  undertaken  by  TRW,  in  conjunction  with 
Calspan  Corporation,  to  investigate  nose  bluntness  effects  on  transition 
asymmetry  and  on  the  aerodynamic  perturbations  resulting  from  transition. 
Dr.  Michael  S.  Holden  was  principal  investigator  for  the  Calspan  effort 
which  was  performed  under  a separate  AFQSR  contract.  TRW  and  Calspan 
jointly  participated  in  the  definition  of  program  objectives  and  in  the 
test  planning.  Calspan  had  primary  responsibility  for  model  design, 
fabrication,  and  instrumentation;  for  conduct  of  the  tests,  and  for  reduc- 
tion of  the  raw  data.  TRW  and  Calspan  will  jointly  participate  in  the 
data  analysis  and  interpretation. 

Subjects  of  investigation  for  the  experimental  program  were  determined 
from  the  review  of  related  work  (Section  2.0)  which  revealed  specific  gaps 
of  knowledge  or,  at  best,  very  limited  information  on  areas  of  funda- 
mental importance  to  the  adequate  modeling  of  high  altitude  dispersions 
due  to  wind-fixed  transition.  Also,  experimental  program  objectives  were 
coordinated  with  Dr.  Hartley  King  of  Effects  Technology,  Inc.  who  is 
responsible  for  developing  the  computational  models  of  high  altitude  tran- 
sition related  trajectory  dispersions. 

The  key  issues  identified  to  guide  the  TRW/Calspan  experimental 
program  were  the  following: 

1) -  How  does  transition  front  movement  with  angle  of  attack 

behave  on  sharp  and  blunt  cones? 

2)  What  the  physical  mechanisms  associated  with  transition 
that  produce  aerodynamic  perturbations? 

3)  What  are  the  relative  magnitude  of  aerodynamic  perturbations 
due  to  transition  on  sharp  and  blunt  cones? 

4)  Can  the  choice  of  nose  shape  and  nose  bluntness  produce 
entropy  swallowing  effects  which  reduce  the  amount  of 
transition  asymmetry? 

3.1  TEST  OBJECTIVES 

The  primary  objectives  defined  for  the  experimental  program  were 
the  following: 

1)  Experimentally  determine  transition  movement  with  angle 
of. attack  over  blunt  and  sharp  cones. 
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2)  Identify  characteristics  of  the  transition  process  that  may 
influence  the  aerodynamic  behavior. 

3)  Measure  the  magnitude  of  force  and  moment  perturbations 
due  to  transition  on  sharp  and  blunt  cones. 

4)  Provide  transition  asymmetry  data  as  a function  of  angle 

of  attack,  nose  bluntness,  and  nose  shape  for  use  in  flight 
dynamics  computer  models. 

3.2  TEST  FACILITY  DESCRIPTION 

The  facility  selected  for  the  experimental  program  was  the  Cal  span 
Corporation  96-inch  shock  tunnel.  The  Calspan  shock  tunnel  was  selected 
because  of  its  flow  simulation  capability,  the  availability  of  miniaturized 
high  frequency  response  instrumentation,  and  the  ability  to  conduct 
simultaneous  heat  transfer,  pressure,  and  aerodynamic  force  and  moment 
measurements  with  a single  model.  The  performance  capability  of  this 
shock  tunnel  provides  a wide  range  of  Mach  number  and  free  stream  unit 
Reynolds  number  combinations  that  are  indicative  of  flight. 

A complete  detailed  description  of  the  Calspan  shock  tunnels  is 
presented  in  Reference  16.  The  tunnel  is  started  by  rupturing  a double 
diaphragm  which  permits  high  pressure  gas  (usually  a helium-air  mixture) 
in  the  driver  section  to  expand  into  the  driven  section.  A normal  shock 
is  generated  and  propagates  through  the  low  pressure  air  of  the  driven 
section.  A region  of  high  temperature,  high  pressure  air  is  produced 
between  this  normal  shock  front  and  the  contact  surface  interface  between 
the  driver  and  driven  gas.  The  downstream  end  of  the  shock  tube  is  termina- 
ted by  a convergent-divergent  nozzle.  The  ratio  of  the  nozzle  throat  area 
to  the  shock  tube  cross-sectional  area  is  small.  Therefore,  the  primary 
normal  shock  wave  is  nearly  completely  reflected  upstream  from  the  throat 
leaving  a "reservoir1  region  of  almost  stagnant,  compressed,  heated  air  at 
the  downstream  end  of  the  dirven  tube.  This  processed  air  is  then  expanded 
through  the  nczzle  to  obtain  the  desired  hypersonic  free  stream  conditions 
in  the  test  section. 

By  proper  control  of  the  initial  conditions  in  the  driver  and  driven 
sections,  the  driver-driven  gas  interface  becomes  transparent  to  the  shock 
wave  reflected  upstream  from  the  throat.  No  gasdynamic  waves  result  from 
the  interface-shock  interaction  that  could  subsequently  disturb  the  steady 
test  air  reservoir  supply,  conditions.  Since  the  states  of  the  gases  on 
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both  sides  of  the  Interface  must  be  carefully  matched,  this  method 
Is  called  the  tailored  interface.  Under  this  method  the  test  time 
is  controlled  either  by  the  time  taken  for  the  driver-driven  inter- 
face to  reach  the  throat  or  the  time  required  for  the  leading  expan- 
sion wave  (reflected  from  the  upstream  end  of  the  driver  section)  to 
deplete  the  reservoir  pressure  behind  the  reflected  shock.  Useful 
testing  times  of  5 to  25  milliseconds  can  be  obtained  depending  on 
incident  shock  Mach  number  and  the  length  of  the  driver  section. 

The  basic  components  of  the  96-inr.h  leg  are  shown  in  Figure  10. 
This  leg  consists  of  a chambered  shock  tube  with  an  area  ratio  (driver/ 
driven)  of  1.56.  The  5-inch  inner  diameter  driver  is  16  feet  in  length 
and  can  be  externally  heated  by  a resistance  heater  to  1260°R.  The 
4-inch  I.D.  driven  tube  is  48.5  feet  in  length.  A hydrogen- nitrogen  or 
helium-air  mixture  is  used  as  the  driver  gas.  Air  is  generally  used  as 
the  driven  gas.  Four  axi symmetric  nozzles  are  available. 

Exit  Diameter  Test  Section 
Nozzle  Type  (inches)  Mach  Number 


A 

Contoured 

24 

6.5  to  8.2 

D 

Contoured 

48 

10  to  17 

E 

10*5°  Semi -angle  cone 

48 

7 to  22 

F 

lOV  Semi -angle  co.ie 

72 

8.6  to  24 

The  combined  performance  of  the  two  legs  covers  free  stream  unit 

, , 3 8 

Reynolds  number  (per  foot)  from  10  to  10  and  Mach  numbers  from  5.5  to 
24.  This  Reynolds  number-Mach  number  performance  capability  is  shown  in 
Figure  11. 

Data  acquisition  is  accomplished  by  recording  transducer  output  on 
a NAVCOR  magnetic  drum  system,  on  CEC  and  AMPEX  FM  tape  recorders,  and/or 
on  oscilloscopes.  The  automatic  NAVCOR  system  records  up  to  48  channels 
of  data  in  digital  form  on  a magnetic  drum.  Maximum  available  recording 
time  is  15  milliseconds  with  a 50  ricrosecond  sampling  interval.  The 
readout  cycle  involves  transferring  of  the  data  serially  from  the  magnetic 
drum  to  binary  coded  decimal  tape  and  to  a digital-analog  converter. 

The  digital  voltages  are  transferred  to  magnetic  tape  for  later  reduction. 
At  the  same  time  these  digital  voltages  may  be  transferred  to  a digital  to 
analog  converter  at  a speed  compatible  with  a direct-wri tir.g  strip  chart 
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recorder  to  provide  on-line  monitoring  of  the  test.  Oscilloscopes 
may  also  be  used  to  supplement  the  NAVCOR  digital  data  system  if  it  is 
necessary  to  record  more  that  48  channels.  Data  recording  is  accomp- 
lished by  photographing  the  outputs  of  the  dual -beam  oscilloscopes. 

3.3  MODEL  DESIGN  AND  INSTRUMENTATION 

The  basic  model  used  for  the  test  program  was  a 5.725-inch  base 
diameter  6 degree  half  angle  cone  provided  with  interchangeable  noses. 

The  nose  configurations  used  consisted  of  a sharp  tip,  two  spherical 
noses  rn/Rb  = >06  and  .21,  and  two  bluff  elliptical  noses  (2:1  ellipse) 
with  bluntness  ratios  of  .06  and  .21  based  on  the  radius  at  the  nose- 
frustum  tangent  point. 

The  model  surface  was  extensively  instrumented  to  provide  detailed 
spacial  and  temporal  measurements  of  surface  heat  transfer  and  pressure. 
Heat  transfer  measurements  were  made  using  thin  film  resistance  thermo- 
meters. These  gages  are  fabricated  by  depositing  a thin  platinum  film 
on  a pyrex  button.  The  button  gages  are  mounted  in  holes  in  the  model 
face  and  set  flush  with  the  model  surface.  The  thermal  capacity  of  the 
gage  is  negligible.  Therefore,  the  instantaneous  surface  temperature  of 
the  backing  material  is  related  to  the  heat  transfer  rate  by  the  classical 
semi-infinite  slab  theory.  Analog  networks  are  used  to  convert  the  outputs 
of  the  gages,  which  are  proportional  to  surface  temperature,  to  a voltage 
which  is  directly  proportional  to  heat  transfer  rate.  Flush  mounted,  high 
frequency  response  pressure  transducers  were  used  to  make  the  pressure 
measurements. 

The  model  had  11  heat  transfer  gages  located  along  both  the  windward 
(0°)  and  leeward  (180°)  meridians.  5 heat  transfer  gages  were  installed 
along  each  of  the  90,  135,  270,  and  315  degree  meridians.  8 pressure  gages 
were  installed  along  both  the  0 and  180  degree  meridians. 

The  model  was  mounted  on  a six-component  accelerometer  force  balance 
to  obtain  complete  aerodynamic  force  and  moment  measurements  simultaneously 
with  the  heat  transfer  and  pressure  measurements.  Flow  field  photographic 
coverage  was  obtained  with  a spark  schlieren  system  with  a spark  duration 
of  approximately  one  microsecond. 
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3.4  TEST  MATRIX 


The  test  objectives  described  in  Section  3.1  were  used  to 
generate  a comprehensive  test  plan.  Using  heat  transfer  data  the 
axial  location  of  transition  onset  will  be  determined  for  each 
instrumented  ray.  The  asymmetric  shape  of  the  t nsition  front 
will  be  specified  by  processing  the  transition  location  data  into 
the  following  form: 


(a,0,  rn/Rb) 


where 

XTR 

= axial 

transition 

XTR 

0 

= axial 

transition 

location  at  angle  of  attack 
location  at  zero  angle  of  attack 


a = angle  of  attack 

0 = body  meridian  angle 

r /R.  = bluntness  ratio 

n d 


The  aerodynamic  effects  of  asymmetric  transition  will  be  determined 
by  processing  the  force  and  moment  data  into  the  following  form: 

* (Cm'TR  * ^iAaM 
aCN  = (CfpTR  " (VlAM 

where 


( ^LAM 


- pitching  moment  coefficient 

= normal  force  coefficient 
= value  during  transition 

= laminar  flow  value  without  transition 


The  test  requirements  to  obtain  the  required  data  have  been 
summarized  in  Table  I. 

The  test  matrix  of  runs  made  during  the  Calspan  test  program 
is  shown  in  Table  II. 

3.5  PROGRAM  STATU 3 

A test  plan  was  prepared  (Reference  17)  and  coordinated  with  Calspan 
in  early  May  1976.  Conduct  of  the  test  program  was  started  at  Calspan 
on  28  July  1976  and  testing  was  completed  on  28  August  1976.  Calspan  is 
currently  in  the  process  of  reducing  the  heat  transfer,  pressure,  and 
force  and  moment  raw  data  into  engineering  units  and  will  be  preparing 
data  plots  and  tabulations.  Preliminary  examination  of  the  raw  data  has 
indicated  that  the  quality  of  the  data  obtained  is  excellent  and  it  is 
expected  that  all  program  objectives  will  be  met.  It  is  expected  that  TRH 
will  receive  a complete  set  of  reduced  data  from  Calspan  in  mid-October. 
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TABLE  I 

TEST  REQUIREMENTS 


rn 

NOSE 

K 

SHAPE 

D 

a 

OBJECTIVES 

Sharp 

0 

2° 

Laminar  flow,  no  transition. 

Sphere 

.06 

oo 

These  runs  provide  the  baseline 

Cm 

inviscid  force  and  moment  data. 

Sphere 

.21 

2° 

Bluff 

.06 

2° 

Bluff 

.21 

2° 

Sharp 

0 

0 

Obtain  asymmetric  transition  shape. 

Sharp 

n 

1 

force,  and  moment  data  on  a sharp 

U 

cone  (without  entropy  swallowing). 

Sharp 

0 

2 

Sharp 

0 

3 

Sphere 

.06 

0 

Determine  the  effects  of  spherical 

Sphere 

.06 

1 

bluntness  on  transition  asymmetry, 
forces,  and  moments. 

Sphere 

.06 

2 

Sphere 

.06 

3 

Sphere 

.21 

0 

Sphere 

.21 

1 

Sphere 

.21 

2 

Sphere 

.21 

3 

B1  uff 
Bluff 

.06 

.06 

0 

1 

Determine  effects  of  nose  shape  on 
transition  asyiranetry,  forces  and 
moments.  Also,  the  bluff  nose  should 

Bluff 

.06 

2 

produce  a stronger  entropy  swallowing 

Bluff 

.06 

3 

effect  than  the  spherical  nose. 

Bluff 

.21 

0 

Bluff 

.21 

1 

Bluff 

.21 

2 

Bluff 

.21 

3 
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TABLE  II 

CALSPAN  TEST  RUN  MATRIX 


iLSPAN 
IN  NO. 

NOSE 

SHAPE 

n 

*b 

a 

M 

CD 

e°° 

io6/ft 

2 

Sharp 

0 

0 

13.04 

4.761 

3 

Sharp 

0 

0 

12.97 

4.714 

4 

Sphere 

.06 

0 

12.96 

4.579 

5 

Sphere 

.06 

3°10‘ 

13.00 

4.973 

6 

Sharp 

0 

0°7' 

13.30 

3.100 

7 

Sharp 

0 

1°4' 

13.35 

3.042 

8 

Sharp 

0 

0°7‘ 

12.72 

2.967 

9 

Sharp 

0 

0°9' 

12.43 

1.792 

10 

Sphere 

.06 

3°6‘ 

12.60 

2.208 

n 

Sphere 

.06 

2°10' 

13.00 

4.894 

12 

Sphere 

.06 

3°7' 

12.44 

1.689 

13 

Sphere 

.06 

1°7* 

13.01 

4.732 

21 

Sphere 

.21 

3°3' 

11.35 

10.31 

25 

Sphere 

.21 

2°12‘ 

11.36 

10.25 

27 

Sphere 

.21 

3°10‘ 

11.01 

3.960 

28 

Sphere 

.21 

2°10' 

11.00 

3.829 

43 

Sharp 

0 

3°7‘ 

13.54 

2.840 

44 

Sharp 

0 

3°7‘ 

13.00 

1.082 

45 

Sharp 

0 

2°9' 

13.54 

2.711 

46 

Sharp 

0 

2°9' 

12.96 

1.132 

47 

Sharp 

0 

2°9' 

13.40 

1.665 

48 

Sharp 

0 

3°7' 

14.80 

1.573 

49 

Sphere 

.06 

0°7‘ 

11.34 

10.67 

50 

Ellipse 

.06 

0°9* 

11.32 

9.812 

51 

Sphere 

.06 

3°12' 

11.33 

9.666 

52 

Sphere 

.06 

1°8* 

11.49 

10.33 

53 

Sphere 

.06 

1°8' 

10.96 

3.158 

54 

Ellipse 

.21 

1°8' 

11.35 

9.950 

55 

Sphere 

.06 

0°37' 

11.33 

10.53 

56 

Ellipse 

.06 

3°7‘ 

11.34 

10.17 
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TABLE  II 

CALSPAN  TEST  RUN  MATRIX 
(Continued) 


CALSPAN 
RUN  NO. 

NOSE 

SHAPE 

rn 

Rb 

a 

M 

ao 

Re- 

106/FT 

57 

Ellipse 

.06 

CO  I 

o 

^ 1 

10.89 

2.395 

58 

Sphere 

.21 

0°9' 

8.70 

12.85 

59 

Sphere 

.21 

O 

o 

^1 

8.79 

22.97 

60 

Sphere 

.21 

0°7’ 

8.82 

38.73 

61 

Sphere 

.21 

f"* 

o 

o 

8.55 

5.418 

62 

Sphere 

.21 

1 0 9 1 

8.54 

5.252 

63 

Sphere 

.21 

3°7' 

8.54 

5.242 

64 

Sphere 

.21 

2°9 1 

8.56 

5.357 

65 

Sphere 

.21 

2°9‘ 

8.63 

7.874 

66 

Ellipse 

.21 

2°9’ 

8.61 

8.053 

67 

Sphere 

.21 

3°7' 

8.62 

8.129 

68 

Sphere 

.06 

3°7' 

8.56 

5.534 

69 

Sphere 

.06 

0°7' 

8.54 

5.300 

TRANSITION  LOCATION,  XT/X 


DATA,  REF.  10 

M ■ 8 

» 

rn/Rb  - 0 
9.  » 7.2° 


20 

40  60  80  100  120  140 

160  1 

LEEWARD 

MERIDIAN  ANGLE,  0,  DEGREES 

Figure  4.  Spatial  transition  mapping,  sharp  cone, 
(Martellucci,  Reference  10) 
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DATA,  REF.  14 
M « 5.5 

S» 

ec  . 8® 


1.0 


a,  DEGREES  LEEWARD 


1 

:i 


■] 
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Figure  7.  Windward-leeward  transition  movement,  sharp  and 
"EH unt  cones,  (Stetson  and  Rushton,  Reference  14) 
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Figure  8.  Bluntness  effect  on  transition  skewness 
(Stetson  and  Rushton,  Reference  14) 
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F;-vre  10.  Basic  Components  of  the  Calspan  Hypersonic  Shock  Tunne!  96"  High  Energy  Leg 


Figure  11  . Calspan  Hypersonic  St.ock  Tunnel  Performance 
Remax  Based  on  T °°  rain  = 1,10  T10X 
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